and tetanus toxins. These results suggest that the interfilament composed of four mammalian septins, sugactions among these three proteins mediate a postdockgesting an interaction between these complexes. One ing event (Hunt et al., 1994; Broadie et al., 1995) . Addiof the septins, CDC10, displays broad subcellular and tionally, immunohistochemical studies showed that both tissue distributions and is found in postmitotic neusyntaxin and SNAP-25, as well as their homologs in rons as well as dividing cells. Electron microscopic yeast, have a diffuse localization on the plasma memstudies showed that the purified rat brain septins form brane that does not reflect topographic variations in the filaments of 8.25 nm in diameter; the lengths of the levels of secretory events, which often occur at specialfilaments are multiples of 25 nm. Glutaraldehyde-fixed ized domains (Catsicas et al., 1992; Oyler et al., 1992 ; rat brain sec6/8 complex adopts a conformation re- Koh et al., 1993; Garcia et al., 1995). Thus, while the sembling the letter "T" or "Y". The sec6/8 and septin trimeric VAMP/syntaxin/SNAP-25 complex plays a criticomplexes likely play an important role in trafficking cal role in ensuring specificity of the eventual fusion of vesicles and organizing proteins at the plasma memthe secretory vesicle with its correct target membrane, brane of neurons.
Introduction A potential candidate for these initial targeting and docking reactions is the sec6/8 (or exocyst) complex. The sorting and targeting of secretory vesicles to speThis complex is required for exocytosis; mutations in cific docking and fusion sites is essential for the approany of the seven genes whose products comprise the priate organization of membrane compartments in the yeast sec6/8 complex result in an accumulation of secell. Following their biogenesis, Golgi-derived secretory cretory vesicles within the bud of the yeast daughter vesicles are likely to be guided toward the plasma memcell (Novick et al., 1980; TerBush et al., 1996) . The conbrane by specific motors moving along cytoskeletal netservation of the sec6/8 complex in mammalian species, works. Once they are in the vicinity of their target sites, its ubiquitous expression in multiple tissues, and the one or more recognition events mediates the docking early embryonic lethality of mice containing a mutation of these vesicles to the plasma membrane. After this in one of its subunits (sec8) suggest that it may be a initial recognition event, additional biochemical reacwidely utilized component of the exocytic machinery tions activate the fusion apparatus eventually resulting (Ting et al., 1995; Hsu et al., 1996; Friedrich et al., 1997) . in the merger of the vesicle membrane with the plasma Several observations suggest that the sec6/8 complex membrane, either in a regulated or in a constitutive manmay function in the targeting and docking of secretory ner. Since fidelity of the vesicle targeting and trafficking vesicles to appropriate sites on the plasma membrane. process is essential for cell growth, differentiation, and First, the yeast sec6/8 complex is recruited to sites of survival, the molecular mechanisms underlying this membrane addition during the budding process (Monpathway have been intensely investigated.
dé sert et al., 1997) . At an early stage of the yeast budding Genetic, cell biological, and biochemical studies in process, the sec6/8 complex is recruited to the tip of the yeast and mammals have identified and characterized developing daughter cell, where polarized membrane many proteins involved in the secretory vesicle traffickaddition takes place to support daughter cell growth. ing process (Scheller, 1995; Sü dhof, 1995; Rothman and Later, during cytokinesis, the yeast complex is found Wieland, 1996) . Interactions between these proteins are concentrated at the mother-daughter cell boundary, where membrane expansion is required to complete the separation of the daughter cell from the mother cell. ‡ To whom correspondence should be addressed.
Second, the yeast sec6/8 complex has been implicated in organizing the bud site in yeast. Mutations in sec3 and sec5, two subunits of the yeast complex, result in random bud site selection (Finger and Novick, 1997; Mondé sert et al., 1997) . The sec6/8 complex may either directly target vesicles to appropriate sites to initiate budding or, alternatively, recruit other proteins to the plasma membrane to set up a "targeting patch," which then directs vesicles to the predetermined budding sites. Third, yeast genetic studies showed that overexpression of sso1p, a yeast homolog of the mammalian syntaxin, can suppress mutations in sec3 and sec15, two subunits of the yeast complex, suggesting that the sec6/8 complex acts upstream of membrane fusion events (Aalto et al., 1993) . Finally, the introduction of events mediated by the VAMP/syntaxin/SNAP-25 trimeric complex in yeast and mammals.
To investigate the function of the sec6/8 complex in vesicle trafficking, we isolated and characterized interthere were also six major protein bands ranging from acting proteins. In this paper, we describe the in vitro 44-60 kDa, which coimmunoprecipitated with the association of the sec6/8 complex with a filament comsec6/8 complex. The first two protein bands are probaprised of septins. The septins are a family of GTPases, bly nonspecific since they also bind to the control mouse conserved across species, which form plasma memimmunoglobulins. To identify the remaining specific probrane-associated filaments. While the septins have tein bands, three bands (shown in Figure 1 ) were excised been most intensely studied for their role in cytokinesis from the gel, digested with trypsin, and subjected to (reviewed by Sanders and Field, 1994; Longtine et al., peptide sequencing. Comparison of the obtained pep-1996) , our data suggest a general role in plasma memtide sequences with GenBank databases identified these brane protein organization in neurons. We have also proteins to be rat equivalents of human and mouse sepvisualized the purified rat brain sec6/8 and septin comtin proteins (Table 1 and Figure 7 , bands 1-3). These plexes by quick-freeze, deep-etch electron microscopy.
results suggest that the sec6/8 complex can associate The sec6/8 complex and the septin filaments may assowith mammalian septin proteins. It is possible that these ciate to provide a targeting system to recruit secretory septin proteins are components of a rat septin complex vesicles to appropriate docking/fusion sites leading to analogous to the yeast neck filament composed of the proper organization of proteins along the plasma cdc3p, cdc10p, cdc11p, and cdc12p (reviewed by Longmembrane. tine et al., 1996) and to the Drosophila septin complex containing PNUT, Sep2, and Sep3 (Field et al., 1996) . Results
Distribution and Localization of Rat CDC10 Association of the Rat Brain sec6/8 Complex
To begin characterization of the rat septin proteins, polywith Rat Septin Proteins clonal antibodies were generated against one of the To better understand the mechanism of sec6/8 complex septins, CDC10. The anti-CDC10 rabbit polyclonal antifunction in vesicle trafficking, immunoprecipitation studies bodies, but not the preimmune serum, recognize two were carried out to isolate and identify associated proclosely spaced immunoreactive bands at the expected teins. Three monoclonal antibodies, 2E12, 5C3, and molecular weight (50 kDa) corresponding to CDC10 in 10C2, were generated against rat sec8 (Hsu et al., 1996) . total brain homogenate ( Figure 2A ). CDC10 is most Western blot analysis shows that all three antibodies abundant in brain and lung, but is also expressed in recognize a single protein band corresponding to rat smaller amounts in pancreas and testes ( Figure 2B ). sec8 at 110 kDa in total brain homogenate ( Figure 1A) .
The tissue-specific expression of CDC10 suggests that All three monoclonal antibodies immunoprecipitate the different cells may require specific isoforms of CDC10 sec6/8 complex from total soluble rat brain proteins.
for functions characteristic of those cell types. Figure 1B shows a typical immunoprecipitation result
The septins are best known for their strategic location using the 2E12 monoclonal antibody. The anti-rat sec8 at the mother-daughter cell boundary during cytokinemonoclonal antibody, but not the nonspecific control sis (reviewed by Sanders and Field, 1994; Longtine et mouse immunoglobulins, immunoprecipitated eight proal., 1996) . Labeling of Triton X-100-extracted dividing tein bands ranging from 70-110 kDa; these bands correspond to the subunits of the sec6/8 complex. In addition, MDCK cells by anti-CDC10 antibodies confirmed that To identify the subunits of the septin complex, peptides derived from each of the five septin bands (Bands 1-5; Figure 7 ) were screened against GenBank databases. Peptides from each band are listed below their respectively matched proteins, and their positions in these proteins are shown beside each peptide sequence. The GenBank accession number of each matched protein is shown in brackets. When there are multiple GenBank entries for the same protein, all entries, with their individual accession numbers, are listed. The septin proteins, KIAA0128, CDC10, NEDD5, and H5, are named after their human or mouse counterparts.
septins are also localized to the cleavage furrow of dividpunctate CDC10 staining pattern was observed in neuroendocrine PC12 cells, although the CDC10 puncta ing mammalian cells ( Figure 3A ). In cultured, postmitotic hippocampal neurons, CDC10 shows a punctate distriwere enriched near the plasma membrane, suggesting that a large population of septins are localized near bution throughout the neurons ( Figure 3B) . A similar the plasma membrane (data not shown). Costaining of hippocampal neurons in cultures with antibodies against synaptophysin, a synaptic vesicle marker, and CDC10 ( Figures 3B, 3C , and 3D) demonstrated that the majority of CDC10 is not present in mature presynaptic nerve terminals.
Purification of the sec6/8 and Septin Complexes
To purify the septin and sec6/8 complexes for further characterization, soluble rat brain proteins were fractionated by four sequential chromatographic steps: hydroxyapatite, TMAE anion exchange, HW55-S gel filtration, and a second TMAE anion exchange column chromatography. The enrichment of the septin and sec6/8 complexes following each chromatographic step was monitored by Western blotting using antibodies against rat CDC10, sec6, and sec8, or by Coomassie phosphate concentration ( Figure 4A ). When the pooled hydroxyapatite column eluant was applied to a TMAE anion exchange column, both complexes again bound to the resin. The elution of the septin complex further overlapped with that of the sec6/8 complex from the TMAE column, although the majority of the septin complex eluted earlier from the column ( Figure 4B ). In fact, at this stage of purification, the septins, but not the sec6/8 complex, could be visualized on a Coomassie blue-stained sodium dodecyl sulfate (SDS) -polyacrylamide gel, suggesting that the septins are present in much larger quantities (at least 10-fold more) than the sec6/8 complex (data not shown). The TMAE eluant fractions enriched in the sec6/8 complex that still contained CDC10 immunoreactivity were pooled and further fractionated on a HW55-S gel filtration column. Following this chromatographic step, the sec6/8 complex with its eight subunits ranging from 70-110 kDa could be visualized on a Coomassie Blue-stained SDS-polyacrylamide gel as previously shown ( Figure 4C ; Hsu et al., 1996) . Western blot analysis revealed that the CDC10 immunoreactivity eluted in a single broad peak before the sec6/8 complex from the gel filtration column (data not shown).
On a Coomassie blue-stained SDS-polyacrylamide gel, the elution of five proteins ranging from 44-52 kDa coincided exactly with the elution of the CDC10 immunoreactivity (data not shown). These five proteins constituted at least 90% of the total proteins in the peak CDC10 immunoreactive column fractions and have identical molecular weights to the five proteins that coimmunoprecipitated with the sec6/8 complex (Figures 4C and 1B) . To investigate the identities of these proteins, peptide sequencing analyses were carried out as previously described (Hsu et al., 1996) . Peptides from these five protein bands (Table 1 and Figure 7 ) confirmed that they are identical to the septins that coimmunoprecipitated with the sec6/8 complex. The copurification of these septin proteins suggests that they may be subunits of a single, large septin complex. Finally, the sec6/8 complex was purified over a second TMAE anion exchange column. The major contaminant in the sec6/8 complex preparation at this stage is the septin complex ( Figure  4D ). This purification pattern is consistent with an association between the sec6/8 and the septin complexes. These two large complexes may be dissociating from each other throughout the purification process, suggesting a moderate affinity between the two complexes.
To examine whether the sec6/8 and septin complexes interact specifically with each other, immunoprecipitation with anti-rat sec8 monoclonal antibody 2E12 was performed at various stages of the septin complex purification ( Figures 5A and 5B). The immunoprecipitation results were analyzed both by Coomassie blue staining of SDS-polyacrylamide gels ( Figure 5A ) and by Western blotting ( Figure 5B ). The septin complex coimmunopre- Both the sec6/8 and septin complexes were purified by fractionating soluble brain proteins over four sequential columns: hydroxyapatite (A), TMAE anion exchange (B), HW55-S gel filtration (C), and TMAE anion exchange (D). For the first two columns (the hydroxyapatite and the first TMAE anion exchange columns), the purification process was analyzed by Western blotting using anti-CDC10 polyclonal antibodies to monitor the elution of the septin complex and anti-rat sec6 and anti-rat sec8 monoclonal antibodies to monitor the elution of the sec6/8 complex. For the next two columns (the HW55-S gel filtration and the second TMAE anion exchange columns), the sec6/8 complex and the septin complexes were visualized by Coomassie blue staining of SDS-polyacrylamide gels.
sec6/8 complex decreases as the purification process complexes is dynamic and regulated, histochemical studies will not necessarily reveal either the full extent progresses, other proteins may be involved in strengthening the interaction between these two complexes.
or the cellular sites of the interaction. The purified sec6/8 complex contains eight subunits, To further investigate this interaction, a reciprocal immunoprecipitation study using polyclonal antibodies which are approximately equally stained by Coomassie blue, suggesting a 1:1 stoichiometry among the subunits against the septin protein, CDC10, was performed. First, anti-CDC10 antibodies immunoprecipitated all five sepin the complex ( Figure 7A ). Seven of the eight subunits in the mammalian complex have been identified (Ting et tin bands, corresponding to four septins (KIAA0128, CDC10, NEDD5, and H5), suggesting that these four al., 1995; Hsu et al., 1996; Guo et al., 1997; Kee et al., 1997) , and the eighth subunit of 106 septins are subunits of a single septin complex. Second, after purification over the gel filtration column (GF), the kDa is likely to be the mammalian homolog of the yeast sec3 protein (TerBush et al., 1996) . The mammalian sec6/8 complex coimmunoprecipitated with the septin complex in the absence of other proteins, further consec6/8 complex has a predicted molecular weight of 734 kDa, assuming one copy of each subunit per comfirming an interaction between these two complexes (Figures 5A and 5B, GF column, ␣-CDC10 lane). As conplex. This is consistent with the observed molecular weights of 600-650 kDa by glycerol gradient centrifugatrols, isolated pure sec6/8 complex or septin complex was immunoprecipitated with the above antibodies. tion analysis (Hsu et al., 1996) and 750 kDa by gel filtration chromatography on a Superose 6 HR column (Figure Anti-CDC10 polyclonal antibodies immunoprecipitated the purified septin complex but not the purified isolated 7B). The mammalian sec6/8 complex appeared to be smaller than the globular thyroglobulin marker in glycsec6/8 complex ( Figure 5C , septin column). Likewise, anti-rat sec8 monoclonal antibody 2E12 immunoprecipierol gradient studies (Hsu et al., 1996) but exhibited a larger mass than thyroglobulin in gel filtration column tated the sec6/8 complex but not the purified isolated septin complex ( Figure 5C , sec6/8 complex row). These chromatography ( Figure 7B ). This discrepancy suggests an extended and nonglobular conformation for the controls indicate that the coimmunoprecipitation of the sec6/8 complex with the septin complex was not due complex.
The purified septin complex was also characterized to the cross-reactivity of anti-rat sec8 or anti-rat CDC10 antibodies to both complexes.
biochemically. On a Coomassie blue-stained SDS-polyacrylamide gel, it appears as five protein bands ranging The localization of the sec6/8 and septin complexes was examined in vivo by immunocytochemistry. In culin molecular weight from 44-52 kDa (Figure 7 ). Peptide sequence analyses of these protein bands identified tured hippocampal neurons, both complexes showed punctate distributions ( Figures 6A and 6B) . A partial them as the mammalian homologs of yeast and Drosophila septin proteins (Table 1 , bands 1-5). Peptide overlap in their localization is consistent with an in vivo interaction between the sec6/8 and septin complexes sequences derived from the largest protein band at 52 kDa (KIAA0128) were identical in sequence to a human ( Figure 6C) . If, however, the interaction between these Hippocampal Neurons anti-rat sec8 mouse monoclonal antibody to detect the sec6/8 comSec6/8 and septin complexes display partial colocalization in hippoplex and affinity-purified anti-CDC10 polyclonal antibodies to detect campal neurons. the septin complex. The first lane of each gel shows the pooled (A) 6-day-old cultured embryonic hippocampal neurons labeled with column fractions for immunoprecipitation. The column fractions antibodies against a septin protein CDC10 (green). were immunoprecipitated by either anti-rat sec8 monoclonal anti-(B) The same neurons stained with monoclonal antibody 9H5 against body 2E12 (␣-sec8), affinity-purified anti-CDC10 polyclonal antibodsec6 (red), a subunit of the sec6/8 complex. ies (␣-CDC10), or nonspecific control immunoglobulins (Ig). The (C) Overlay of the sec6 and CDC10 staining. The arrows show overspecificity of the anti-rat sec8 and anti-CDC10 antibodies was examlaps in sec6 and CDC10 staining. Scale bar, 12 m. ined in (C). Purified septin and sec6/8 complexes were subjected to immunoprecipitation by anti-rat sec8 and anti-CDC10 antibodies. The first lane of each gel shows the purified complex used for immunoprecipitation.
et al., 1997). The smallest septin band, at 44 kDa, is found to be H5. It is possible that H5 exists in two differentially modified forms. Alternatively, the band at 44 kDa may be a degradation product of H5. septin, KIAA0128 (Nagase et al., 1995) . Peptides obtained from protein bands (CDC10) at 50 kDa and 48 kDa corresponded to the human homolog of the yeast septin proQuick-Freeze/Deep-Etch Electron Microscopic Analysis of the sec6/8 and Septin Complexes tein CDC10 (hCDC10; Nakatsuru et al., 1994) . These two bands may represent differentially modified CDC10 or
To visualize the structure of the sec6/8 complex, purified samples were adsorbed onto mica chips either with or degraded products of CDC10. Three peptides from the 50 kDa protein band matched to KIAA0128, probably due without fixation with 40 mM glutaraldehyde ( Figure 9 ). The mica chips were then quickly frozen, deep-etched, and to the comigration of a degraded product of KIAA0128 with CDC10 on the SDS-polyacrylamide gel. The protein rotary shadowed with platinum as previously described (Heuser, 1983 (Heuser, , 1989 ). In the absence of glutaraldehyde band of 46 kDa (NEDD5 and H5) yielded peptides identical in sequence to two mammalian septins, human fixation, the complex displays a variety of extended forms, presumably representing various distortions that oc-DIFF6/mouse NEDD5/KIAA0158 (Nagase et al., 1995) and human H5/human CDCrel-1/human PNUTL1 (Zieger curred during adsorption to mica (Figure 9 , top row). Coomassie blue-stained SDS-PAGE analysis of the purified septin complex used for electron microscopic studies.
arms seen in unfixed complexes. Presumably, the longer arms pack together to form the body of the fixed samples. The body measures 30 nm long and 13 nm wide and is slightly tapered. The two arms appear to attach to the body through a flexible region since they extend away from the body at varying angles. Visualization of the purified mammalian brain septin complex by deep-etch electron microscopy revealed ‫8ف‬ nm wide filaments of variable lengths (Figure 9 , bottom row). These appear similar to previously published images of yeast and Drosophila septin filaments (Byers and Goetsch, 1976; Haarer and Pringle, 1987; Ford and Pringle, 1991; Kim et al., 1991; Field et al., 1996 ). An ing of "unit" lengths. We could discern no helical repeat or other periodicity along the length of the longer filaGenerally, it appears as a set of four to six "arms" that ments. The mammalian septins are distinguishable from radiate from a central point. These arms range from 4-6 yeast and Drosophila septin filaments only in that they nm in width and 10-30 nm in length and often appear frequently display very thin strands emanating from their to be split internally along their lengths. Prefixation with sides ( Figure 9 , bottom row; strands can be seen below 40 mM glutaraldehyde for 5 min before adsorption to each filament). These strands measure ‫21-01ف‬ nm in mica yields a more compact structure for the sec6/8 length and tend to occur in relatively regular ‫61ف‬ nm complex (Figure 9 , second row and first four images of repeats. It is not obvious from the images whether these third row). In agreement with its hydrodynamic properare partially denatured septin subunits or filament-assoties ( Figure 6B ), it appears to have a slightly elongated ciated proteins present at low levels in the mammalian "body" of roughly the size and shape of thyroglobulin preparations. Further studies will be required to better (Figure 9 , thyroglobulin in last two images of third row), understand the structural underpinnings and functional plus two arms that splay from one end of the body.
significance of the septin "unit-element" organization Again, these arms are ‫51ف‬ nm long and 6 nm wide, suggesting that they represent a subset of the shorter observed here. The top row shows the structure of purified sec6/8 complex when adsorbed to mica in the unfixed state. The complex adopts a series of radially symmetric conformations composed of "arms" of different lengths. The center rows show the structure of purified sec6/8 complex when adsorbed to mica after fixation in 40 mM glutaraldehyde for 5 min. Prefixation yields a more regular structure in which a relatively fat "body" is capped by just two arms, each similar in length to the shorter arms seen in unfixed complexes. The last two images of the third row show, for comparison, the structure of thyroglobulin, the molecular weight standard that most closely matches the rsec6/8 complex. The bottom row shows the structure of the mammalian septin complex. After adsorption to mica, the complex appears as a short ‫8ف‬ nm filament with a "unit" length of 25 nm or 2 ϫ 25 nm (see text). Mammalian septin filaments also commonly display thin strands projecting outward from their lateral edges. Magnification, 243,000ϫ.
Discussion
brain septins all contain conserved GTPase motifs (reviewed by Longtine et al., 1996; G1, GXXXXGK(S/T); G3, DXXG; and G4, XKXD). Both GTP binding and GTPase Numerous filament proteins, including tubulin, actin and neurofilaments, play critical roles in establishing and activities have been demonstrated in Drosophila and mammalian septins. Immunoaffinity-purified Drosophila maintaining neuronal morphology and membrane trafficking patterns. A fourth family of filaments, the septins, septin filaments composed of Sep1, Sep2, and PNUT exhibited GTP binding and GTPase activities, although are considerably less well understood, in terms of both their structures and their functions in postmitotic cells. these activities did not affect the polymerization state of the septin filament in vitro (Field et al., 1996) . However, Here, we determined amino acid sequences corresponding to four septin proteins isolated from rat brain. The both microinjection of GTP␥S and transfection of GTPbinding mutants of mouse NEDD5 septin into HeLa cells subunits of the rat brain septin filaments show a high degree of sequence homology to each other (34%-75%) disrupted NEDD5-containing filaments, suggesting that the GTPase activity is required for mammalian septin and are similar in molecular weight, ranging from 44-52 kDa. The comigration of these four proteins through filament formation in vivo (Kinoshita et al., 1997) . Further studies will determine the functional significance of the several columns and their coimmunoprecipitation by antibodies against one of the septins, CDC10, indicate that GTP binding and GTPase activity of the mammalian septins. they are likely components of the same complex. The broad septin elution peak resulting from gel filtration
The yeast septin filament is composed of four proteins, cdc3p, cdc10p, cdc11p, and cdc12p (Byers and chromatography is consistent with filaments of variable length, likely owing to severing into fragments of varying Goetsch, 1976; Haarer and Pringle, 1987; Ford and Pringle, 1991; Kim et al., 1991) . The Drosophila septin filalengths during the homogenization or purification process. Using freeze-fracture, deep-etch electron microsment contains three septins, PNUT, Sep2, and Sep3 (Field et al., 1996) . Presently, six mammalian septins copy, we demonstrated that the septin complex, similar to previously published yeast and Drosophila counterhave been identified (KIAA0128, Nagase et al., 1995; hCDC10, Nakatsuru et al, 1994 ; NEDD5, Kumar et al., parts, forms filaments of ‫8ف‬ nm in diameter. The length preferences exhibited in unit repeats of 25 nm are likely 1992; Kinoshita et al., 1997; human H5, Zieger et al., 1997; mouse H5, Kato, 1990 ; and Diff 6, Nottenburg et to be inherent properties of the ways in which the septin subunits assemble.
al., 1990), and the rat analogs of four of these six septins (KIAA0128, CDC10, NEDD5, and H5) are constituents Like other members of the family, the mammalian of the septin filament characterized in this report. The cargoes to appropriate sites of protein and membrane addition may rely on interactions between the septin remaining two rat septins as well as other yet to be filaments and the sec6/8 complex. It is possible that identified mammalian proteins may form additional sepsites of interaction between septin filaments and the tin complexes that interact with different target proteins. sec6/8 complex may serve as a focal point for recruiting A heterogeneity in septin filament composition and sepand targeting multiple proteins and vesicles through tin interacting proteins may allow these filaments to parsubunit-specific interactions with different protein liticipate in a wide variety of processes in different cell gands. types, at various stages of the cell cycle, and during
The sec6/8 and septin complexes may play a role different periods of development.
in establishing exocytic sites on neuronal membrane Septins have a well studied role in cytokinesis; howduring development and outside of synaptic sites in ever, these proteins are also abundant in adult rat brain, mature organisms. Thus, in developing neurons, the where terminally differentiated nerve cells no longer unsec6/8 and septin complexes may be involved in dedergo cell division. High levels of expression are also termining the initial polarity of neuronal processes and/ observed in differentiated neurons in culture. Additionor the early establishment of synapses. Once synapse ally, the mouse NEDD5 septin has been found to be formation is complete, the mature synaptic vesicles cymore abundant in human fibroblast and SiHa cells when cle near the active zones, where they undergo repeated they are growth-arrested by serum starvation or contact docking and fusion cycles at predetermined exocytic inhibition than when they are actively dividing (Kinoshita sites and may not require targeting by the sec6/8 or the et al., 1997). What is the function of septin filaments in septin complex. In MDCK cells, however, the sec6/8 these nondividing cells? The septins have been implicomplex appears to be required for the establishment cated in a myriad of processes, which can be divided and continuing maintenance of exocytic sites for the into two major classes. First, the septins are localized docking and fusion of Golgi-derived vesicles. Likewise, to the leading edge of membrane extensions-for examthe presence of the septin and sec6/8 complexes in ple, during the prospore wall formation in sporulating mature neurons suggests that these complexes may be yeast (Fares et al., 1996) and during the cellularization needed for the maintenance of neuronal polarity as well of the syncytial blastoderm into individual cells in develas for process outgrowth during remodeling of neuronal oping Drosophila embryos (Neufeld and Rubin, 1994;  connections, a process important for synaptic plasticity. Fares et al., 1995) . Second, the septins are involved in To carry out their functions, both the sec6/8 complex the generation of cell polarity. In yeast, the septins have and the septin filaments must be targeted to and bind been found to play a role in the proper localization of to specific plasma membrane receptors. Once they are proteins required for bud site selection (Flescher et al., localized to the plasma membrane, they may either re-1993; Chant et al., 1995) and for pheromone-induced cruit additional proteins and/or become components of mating projection (Konopka et al., 1995) . In Drosophila, a "targeting patch" or a potential docking/fusion site for Sep1 and PNUT septins are localized to specialized vesicles (reviewed by Drubin and Nelson, 1996) . The membrane domains in polarized cells (Neufeld and Rucomposition of this targeting patch is still unknown albin, 1994; Fares et al., 1995) , although the precise localthough extraction of the membrane-bound sec6/8 comization of the septins varies with cell types. Nevertheplex using the detergent Triton X-100 revealed that apless, despite their pleiotropic functions in cytokinesis proximately half of the sec6/8 complex is associated and in the generation and/or maintenance of cell polarwith a Triton X-100-insoluble receptor, possibly comity, the septins appear to carry out a singular task: the posed of cytoskeletal elements (Hsu et al., 1996) . In this recruitment of proteins and membranes to establish regard, it is of interest that a genetic interaction has been and/or maintain specialized domains on the plasma observed between yeast sec3 and profilin, an actinmembrane, a likely task in neurons as well. associated protein (Finger and Novick, 1997) . Likewise, How might the septin filaments and the sec6/8 commutations in yeast septins also affected actin filament plex target secretory vesicles to specialized domains of organization during yeast budding (Adams and Pringle, the plasma membrane? Previously, we identified and 1984). In light of the results we have shown in this paper, isolated the mammalian sec6/8 complex, a homolog the interaction of the sec6/8 complex with the septin of the yeast sec6/8/15 complex, which is essential for filament may account, in part, for the Triton X-100 insolusecretion in yeast (Hsu et al., 1996) . The sec6/8 complex bility of the membrane-bound sec6/8 complex. It is interis composed of eight novel mammalian proteins; its esting to note, however, that in yeast the sec6/8 complex widespread tissue distribution indicates that it is a ubiqcan be recruited to the plasma membrane independent uitous part of the exocytosis machinery. The sec6/8 of septins. At the beginning of the yeast budding procomplex has an elongated body with two arms process, the sec6/8 complex is recruited to the tip of the jecting outward at varying angles from one end. The growing daughter cell in the absence of septin accumulength of the sec6/8 complex body is ‫03ف‬ nm. While no lation at that site (TerBush and Novick, 1995 ; Mondé sert known nucleotide-binding motifs have yet been found et al., 1997). As cell division progresses, the sec6/8 comin the sec6/8 complex subunits, the unique morphology plex and the septin filaments accumulate at the motherand the large size of the sec6/8 complex suggest that daughter cell boundary prior to cytokinesis. Thus, it is it may act as a link connecting two or more ligands.
likely that the sec6/8 and septin complexes can be rePerhaps the sec6/8 complex has the capacity to bridge cruited either independently or together to the plasma the cytoskeleton and secretory vesicles, resulting in the membrane, where they may function either by themrecruitment and targeting of secretory vesicles to disselves or in a synergistic manner to recruit distinct protein and vesicle cargoes in response to different cellular tinct sites. Targeting of vesicles containing specific fusion of mouse NS-1 myeloma cells with spleen cells from Balb/c requirements. Furthermore, in mammalian MDCK cells, mice immunized with histidine-tagged rat sec6 and rat sec8 fusion the sec6/8 complex does not associate with the plasma proteins, respectively (Lane et al., 1986) . Anti-rat sec6 monoclonal membrane until E-cadherin-mediated cell adhesion is antibody 9H5 and anti-rat sec8 monoclonal antibody 14G1 were established (K. Grindstaff, C. Yeaman, N. Anandasabaused for Western blot analyses. Both monoclonal antibodies detect pathy, S.-C. H., E. Rodriguez-Boulan, R. H. S., and W. J. a single band corresponding to their respective antigens in brain Nelso, submitted). This suggests that the recruitment of homogenate. Anti-CDC10 rabbit polyclonal antibodies were generated against a C-terminal peptide of hCDC10 (peptide sequence the sec6/8 complex and perhaps the septin filaments is NH2-RILEQQNSSRTLGKNKKKGKIF-COOH, corresponding to amino not only spatially but also temporally regulated. It reacids 397-418 of hCDC10) and affinity purified as previously demains to be seen how these two complexes are targeted scribed (Pevsner et al., 1994). to and anchored at various specialized domains of the plasma membrane in response to different biochemical Tissue Distribution of CDC10 Septin cues at different stages of the cell cycle and develRat tissue samples were prepared as previously described (Ting et opment. al., 1995) and subjected to Western blot analysis.
The identification and characterization of many potential protein players in the secretory pathway has pro-
Purification of the sec6/8 and Septin Complexes
The sec6/8 and septin complexes were both purified from frozen vided us with a glimpse into the molecular events underrat brains using four sequential chromatographic steps as previously lying exocytosis. Following the biogenesis of secretory described for the sec6/8 complex purification (Hsu et al., 1996). vesicles, the vesicles must be vectorially transported Fractions containing the purified sec6/8 and septin complexes were to the vicinity of a targeting site, which we propose is pooled and subjected to SDS-PAGE and electron microscopic analcomprised of the sec6/8 complex, and perhaps of other 500 g thyroglobulin, 10 g ferritin, 500 g catalase, and 500 g Small GTPases, such as those of the rab protein family, aldolase) or purified sec6/8 complex was fractionated over a Suhave been implicated in playing an important role in the perose 6 HR 10/30 column (Pharmacia; bed dimension, 10 ϫ 300 exocytic pathway, although the mechanisms of their mm; bed volume, 24 ml) equilibrated in 50 mM sodium phosphate action remain unclear (Pfeffer, 1994; Novick and Zerial, and 0.15 M NaCl (pH 7 .0) at a flow rate of 0.2 ml/min. Fractions (500 l) were collected, precipitated by trichloroacetic acid, fractionated 1997). Genetic studies show that overexpression of a by SDS-PAGE, and analyzed by Western blotting using anti-rat sec6 yeast low molecular weight GTPase, sec4, can suppress and anti-rat sec8 monoclonal antibodies. mutations in five subunits (sec3, sec5, sec8, sec10, and sec15) of the yeast sec6/8 complex, suggesting an inter-
Cell Cultures and Fluorescence Microscopy
action between the sec6/8 complex and the small GTPEmbryonic hippocampal cell cultures were prepared from the hippobinding proteins (Brennwald et al., 1994) . Charactericampi of 18-to 19-day-old fetal rats as previously described (Banker zation of the interactions among the targeting patch, and Cowan, 1977; Fletcher et al., 1991) . Hippocampal cells were the connecting cytoskeleton/motor network, and other plated at a density of ‫0005ف‬ cells/cm 2 on poly-L-lysine-coated coverslips, which were then placed in cultures of previously prepared components of the exocytosis machinery will allow furastroglia. Cultures at 6 or 18 days in vitro were submerged in 4% ther insights into both the vesicle trafficking process and paraformaldehyde for 20 min, extracted in 100% methanol at Ϫ20ЊC eventually the modulation of vesicle trafficking during for 6 min, dehydrated, and rehydrated in phosphate buffered saline learning and memory.
(PBS) containing 0.1 M glycine. MDCK cells were maintained as previously described (Adams et al., 1996) . After plating the MDCK Experimental Procedures cells at a subconfluent density for 6 hr, the cells were extracted in CSK buffer (50 mM NaCl, 300 mM sucrose, 10 mM PIPES [pH 6.8], Immunoprecipitation Studies 3 mM MgCl 2 , and 0.5% Triton X-100) on ice for 5 min, fixed in 4% Anti-rat sec8 mouse monoclonal antibody 2E12 and affinity-purified paraformaldehyde for 20 min, and washed in PBS containing 0.1 M anti-CDC10 rabbit polyclonal antibodies were coupled to protein G glycine. Cell staining was carried out as previously described (Kee and protein A beads, respectively, at a final concentration of 2 et al., 1997). Differential interference contrast (DIC), fluorescein, and mg/ml using the cross-linker dimethylpimelimidate as previously Cy5 signals were obtained simultaneously using a scanning confodescribed (Pevsner et al., 1994) . For controls, nonspecific rabbit cal microscope developed by Drs. Stephen J. Smith and Noam Ziv and mouse immunoglobulins were also coupled to protein A and (Stanford University). protein G beads, respectively. Soluble brain proteins and pooled column fractions were precleared with either protein A or protein G Electron Microscopic Imaging beads (10 l protein G beads per 100 l protein sample) at 4ЊC for Purified sec6/8 and septin complexes were adsorbed to mica flakes 4 hr. The precleared protein samples were then incubated with either with or without 5 min fixation in 40 mM glutaraldehyde and immobilized anti-rat sec8, anti-rat CDC10, or control antibodies subjected to freeze-drying and platinum replication as previously overnight at 4ЊC. The next day, the beads were washed two times described (Heuser, 1983 (Heuser, , 1989 . Thyroglobulin was purchased from with 10 vol 20 mM Tris (pH 8.0) and 0.15 M NaCl (buffer A) containing Pharmacia as a lyophilized powder. Quantification of the lengths of 1 mg/ml soybean trypsin inhibitor, two times with 10 vol buffer A, the septin complexes was done by hand measurements of ‫002ف‬ and finally two times with 10 vol buffer A containing 0.1% Tween filaments. 20. Proteins bound to the beads were solubilized in protein sample buffer containing 10% SDS and subjected to SDS-polyacrylamide
